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chromosomes are first stabilized in the
absence of tension remained unknown.
Drpic et al. now show that polar ejection
forces promote the transition from lateral
to end-on attachments on mono-oriented
chromosomes.
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Chromosome bi-orientation occurs after conversion
of initial lateral attachments between kinetochores
and spindle microtubules into stable end-on at-
tachments near the cell equator. After bi-orientation,
chromosomes experience tension from spindle
forces, which plays a key role in the stabilization of
correct kinetochore-microtubule attachments. How-
ever, how end-on kinetochore-microtubule attach-
ments are first stabilized in the absence of tension re-
mains a key unanswered question. To address this,
we generatedDrosophilaS2 cells undergoingmitosis
with unreplicated genomes (SMUGs). SMUGs re-
tained single condensed chromatids that attached
laterally to spindle microtubules. Over time, laterally
attached kinetochores converted into end-on attach-
ments and experienced intra-kinetochore stretch/
structural deformation, and SMUGs eventually exited
a delayed mitosis with mono-oriented chromo-
somes after satisfying the spindle-assembly check-
point (SAC). Polar ejection forces (PEFs) generated
by Chromokinesins promoted the conversion from
lateral to end-on kinetochore-microtubule attach-
ments that satisfied the SAC in SMUGs. Thus, PEFs
convert lateral to stable end-on kinetochore-micro-
tubule attachments, independently of chromosome
bi-orientation.INTRODUCTION
During spindle assembly, the initial lateral interactions between
chromosomes and microtubules are converted into stable end-
on kinetochore-microtubule attachments that lead to chromo-460 Cell Reports 13, 460–468, October 20, 2015 ª2015 The Authorssome bi-orientation (Magidson et al., 2011). After chromosome
bi-orientation, the opposing spindle forces generate tension
on centromeres that is important for the stabilization of correct
kinetochore–microtubule attachments required for error-free
chromosome segregation (Nicklas and Koch, 1969; Nicklas
and Ward, 1994). Tension has also been shown to be sufficient
to satisfy the spindle-assembly checkpoint (SAC) (Li andNicklas,
1995), a surveillance mechanism that ensures that all chromo-
somes are attached to spindle microtubules before anaphase
onset (Foley and Kapoor, 2013). Tension from spindle forces af-
fects kinetochore chemistry through changes in phosphorylation
of ‘‘tension-sensitive’’ proteins at kinetochores (Gorbsky and
Ricketts, 1993; Nicklas et al., 1995). Aurora B, a mitotic kinase
present on centromeres, plays a critical role in tension sensing
and error correction (Biggins and Murray, 2001; Cheeseman
et al., 2002; Lampson et al., 2004) by phosphorylating key
substrates at the kinetochore-microtubule interface, such as
the KMN network, in response to tension on bi-oriented chromo-
somes (DeLuca et al., 2006; Liu et al., 2009; Wang et al., 2011;
Welburn et al., 2010). Importantly, recent works in human and
Drosophila cells have shown that even in the absence of centro-
meric tension, an intra-kinetochore stretch or structural defor-
mation is sufficient to satisfy the SAC (Maresca and Salmon,
2009; Uchida et al., 2009). However, the underlying mechanism
remained unclear.
Chromokinesins are microtubule plus-end-directed motor
proteins present on the chromosome arms harboring both chro-
matin- and microtubule-binding domains. As a consequence
of their motor activities, chromokinesins move chromosomes
away from the poles by generating random polar ejection forces
(PEFs) (Barisic et al., 2014; Brouhard and Hunt, 2005; Levesque
and Compton, 2001; Rieder et al., 1986; Wandke et al., 2012;
Yajima et al., 2003). Recently, elevated PEFs were shown to sta-
bilize erroneous kinetochore-microtubule attachments (Cane
et al., 2013), suggesting a role in the stabilization of kineto-
chore-microtubule attachments. Here, we found that Chromoki-
nesin-mediated PEFs promote the conversion from lateral to
(legend on next page)
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stable end-on kinetochore-microtubule attachments on mono-
oriented chromosomes. These findings contribute to explain
how initial end-on kinetochore-microtubule attachments are sta-
bilized before bi-orientation.
RESULTS
The SAC Is Satisfied in Cells with Single Chromatids
after a Mitotic Delay
To investigate which factors are responsible for kinetochore-
microtubule attachment stability before bi-orientation, we estab-
lished a system in Drosophila S2 cells undergoing mitosis with
unreplicated genomes (SMUGs) (Drpic et al., 2013). This was
achieved by RNAi-mediated depletion of Double parked (Dup),
a conserved protein required for the initiation of DNA replication
and post-replication checkpoint response (Whittaker et al.,
2000). The main advantage of this system when compared to
mammalian cells undergoing MUGs (Brinkley et al., 1988; O’Con-
nell et al., 2009) is that SMUGspreserve their unreplicated genetic
material condensed into single chromatids, which never experi-
ence bi-orientation due to the absence of sister kinetochores
(Drpic et al., 2013). Thus, the function of individual kinetochores
in SMUGs can be investigated in their native chromatid context.
Spinning-disk confocal live-cell imaging revealed that single
chromatids in SMUGs were scattered along the spindle.
Because of their low chromosome number, the status of kineto-
chore-microtubule attachments could be inferred by careful
inspection of the respective z-sections (see Experimental Proce-
dures). This indicated that SMUGs establishedmainly lateral and
only few merotelic kinetochore-microtubule attachments. For
instance, 20 min after nuclear envelope breakdown (NEB) we
found that, on average, 8.0 ± 1.6 kinetochores per cell were later-
ally attached and 3.0 ± 0.82 kinetochores established merotelic
attachments (mean ± SD, n = 5 cells; Figures 1A and S1A; Movie
S1). Consequently, SMUGs significantly delayed mitotic exit (t =
111 ± 43 min, mean ± SD, n = 11 cells, p = < 0.001, t test) when
compared to control cells (t = 31 ± 8min, mean ±SD, n = 11 cells;
Figures 1A and 1C; Movie S1). Indeed, while cyclin B1 levels
abruptly decreased at the metaphase-anaphase transition in
control cells, cyclin B1 levels decreased more slowly over time
in SMUGs (Figures S1E and S1F), suggesting a delay in SAC
satisfaction (see also Mirkovic et al., 2015 in this issue of Cell
Reports). To investigate whether the delayed mitotic exit in
SMUGs is SAC dependent, we co-depleted Mad2 and Dup
by RNAi (Figures 1C, S1B, and S1C). We found that, similar to
control cells, Mad2 co-depletion overcomes the mitotic delayFigure 1. Cells with Single Chromatids Satisfy the SAC after a Mitotic
(A) Live-cell imaging of Drosophila S2 cells (control and Dup-depleted) stably e
condensed chromatid.
(B) Similar conditions, but in which cells were treated with 200 mM colchicine imm
(C) Quantification of mitotic duration (control n = 11 cells; Dup-depleted n = 11 ce
with colchicine n = 24 cells; Mad2-depleted cells treated with colchicine n = 19 c
(D) Live-cell imaging of S2 cells stably expressing BubR1-mCherry and GFP-a-tu
(E and F) Quantification of the number of BubR1 positive kinetochores during no
anaphase onset.
***p < 0.001. Black lines indicate individual cells and red lines represent the avera
and Movie S1.
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mean ± SD, n = 31 cells; Mad2-depleted cells: t = 18.0 ±
5.6min, mean ±SD, n = 19 cells), indicating that themitotic delay
in SMUGs is SAC dependent.
Next, we tested SAC response in SMUGs by adding colchicine
immediately after NEB to generate unattached kinetochores and
monitored mitotic progression by live-cell imaging. Both control
cells and SMUGs were arrested in mitosis for more than 10 hr
before undergoing slippage (Rieder and Maiato, 2004) (control
t = 18.4 ± 1.23 hr, mean ± SD, n = 7 cells; SMUGs t = 10.4 ±
2.6 hr, mean ±SD, n = 24 cells; Figures 1B and 1C). These results
indicate that SMUGs have an active SAC, which is, however, less
robust than in control cells. Interestingly, the total levels of Mad2
and the recruitment of Mad2 and active Aurora B to unattached
kinetochores in SMUGs were unaltered relative to controls; Fig-
ures S1D and S2A–S2D). Thus, despite normal SAC signaling at
individual kinetochores, the number of cumulative unattached ki-
netochores that are able to inhibit the Anaphase Promoting
Complex/Cyclosome (APC/C) in SMUGs is reduced by half rela-
tive to controls cells. This explains the weakened SAC response
in SMUGs and is in line with previous reports in human cells (Col-
lin et al., 2013; Dick and Gerlich, 2013). Importantly, these data
strongly suggest that SMUGs normally exit mitosis after SAC
satisfaction, as they took more than five times longer to slip
out of mitosis in the presence of colchicine.
To directly test whether SMUGs satisfy the SAC after a mitotic
delay, we investigated the behavior of another SAC protein,
BubR1, using live-cell imaging of SMUGs stably expressing
BubR1-mCherry/a-tubulin-GFP. BubR1 is normally recruited
to unattached kinetochores and its levels decrease signifi-
cantly as chromosomes bi-orient, becoming undetectable on
anaphase kinetochores (Howell et al., 2004; Maiato et al.,
2002). In contrast, BubR1 remains associated with kinetochores
in cells that slip out of mitosis without satisfying the SAC (Brito
and Rieder, 2006). We found that, despite of a mitotic delay,
SMUGs lost BubR1 from kinetochores just before exiting from
mitosis (Figures 1D–1F and Movie S2). This demonstrates that
the SAC in SMUGs with single chromatids can be satisfied
without bi-orientation.
Single Chromatids in SMUGs Experience Intra-
kinetochore Stretch/Structural Deformation after a
Mitotic Delay
Intra-kinetochore stretch or structural deformation is sufficient to
satisfy the SAC even with reduced centromeric tension (Maresca
and Salmon, 2009; Uchida et al., 2009). To investigate whetherDelay
xpressing H2B-GFP and mCherry-a-tubulin. Dashed box indicates a single,
ediately after NEB.
lls; control cells treated with colchicine n = 7 cells; Dup-depleted cells treated
ells; Mad2/dup-depleted cells treated with colchicine, n = 31 cells).
bulin.
rmal mitosis (n = 10 cells) and SMUGs (n = 10 cells). Zero time point refers to
ge. Error bars, SD. Time = hr:min. Scale bar, 5 mm. See also Figures S1 and S2
SMUGsexperience intra-kinetochore stretch/structural deforma-
tion, wemeasured the absolute distance between the inner kinet-
ochore protein Cid-mCherry and the outer kinetochore protein
Ndc80-GFP (Maresca and Salmon, 2009) at individual kineto-
chores (see Experimental Procedures) from control cells treated
with colchicine (reference for relaxed kinetochores) or MG132
(reference for bi-oriented chromosomes under tension), as well
as from Dup-depleted cells treated with MG132 for 2 hr (to
normalize themitoticdelay).We found that under theseconditions
single chromatids inSMUGsexperienceda significant intra-kinet-
ochore stretch/structural deformation relative to relaxed kineto-
chores (Mann-Whitney rank-sum test, p < 0.001) that was almost
comparable to bi-oriented chromosomes under tension (Figures
2A and2C). In linewith thesemeasurements, we further observed
intermediate levels of Aurora B-mediated phosphorylation of the
outer kinetochore protein KNL1 (Welburn et al., 2010) relative to
unattached controls and bi-oriented chromosomes (Figures 2B
and 2C), suggesting that intra-kinetochore stretch/structural
deformation positively correlates with kinetochore-microtubule
attachment stability. Taken together, these data indicate that sin-
gle chromatids in SMUGs experience sufficient intra-kinetochore
stretch/structural deformation to satisfy the SAC.
PEFs Stabilize Kinetochore-Microtubule Attachments
and Promote SAC Satisfaction Independently of
Chromosome Bi-orientation
Elevated PEFs on chromosome arms after overexpression of the
Chromokinesin Nod lead to the stabilization of syntelic kineto-
chore-microtubule attachments in Drosophila S2 cells (Cane
et al., 2013). To test whether the kinetochore-microtubule stabiliz-
ing role of PEFs is involved in SAC satisfaction in SMUGs, we co-
depleted Dup and Nod. This resulted in a SAC-dependent
increase in mitotic duration when compared to Dup-depleted
cells (t = 208 ± 109 min, mean ± SD, n = 25 cells, p = 0.007,
t test; Figures 3B and 3D; Movie S3). Co-depletion of both Chro-
mokinesins, Nod and Klp3A, with Dup caused an even longer
mitotic delay (t = 304 ± 66 min, mean ± SD, n = 8 cells, p %
0.001, t test; Figures 3D and S3E). Interestingly, Nod depletion
in control cells caused chromosome alignment defects and also
significantly increased the duration of mitosis (t = 44 ± 12 min,
mean ± SD, n = 26, p = 0.005, Mann-Whitney rank-sum test; Fig-
ures 3A and 3D; Movie S3), in line with previous findings in human
cells (Levesque and Compton, 2001; Magidson et al., 2011). This
phenotype was exacerbated when Nod and Klp3A were co-
depleted (t = 62 ± 29 min, mean ± SD, n = 20, p = 0.003, t test;
Figures 3D and S3E), suggesting that PEFs play an important
role in the stabilization of kinetochore-microtubule attachments
during a normal mitosis. Thus, in the absence of Chromokine-
sin-mediated PEFs, SAC satisfaction is delayed and the delay is
more pronounced in the absence of chromosome bi-orientation.
One prediction from these data is that elevated PEFs should
promote the stabilization of kinetochore-microtubule attach-
ments and consequently accelerate SAC satisfaction in SMUGs.
To test this, we overexpressed Nod-mCherry in Dup-depleted
cells stably expressing GFP-a-tubulin (Cane et al., 2013). In
agreement with our prediction, Nod overexpression significantly
shortened the mitotic duration in Dup-depleted cells (t = 46.5 ±
22 min, mean ± SD, n = 12 cells, p % 0.001, t test; Figures 3CCand 3D; Movie S4). In contrast, elevated PEFs caused by Nod
overexpression in control cells increased mitotic duration (t =
67 ± 27 min, mean ± SD, n = 22 cells p = 0.003, Mann-Whitney
rank-sum test; Figures 3C and 3D; Movie S4), which might be
due to random ejection of chromosomes after stabilization of
monotelic attachments, thereby preventing bi-orientation and
timely SAC satisfaction (Barisic et al., 2014). Overall, these
data suggest that Chromokinesin-mediated PEFs promote
SAC satisfaction in SMUGs by stabilizing kinetochore-microtu-
bule attachments independently of chromosome bi-orientation.
PEFs Promote the Conversion from Lateral to End-on
Kinetochore-Microtubule Attachments on Mono-
oriented Chromosomes
HeLa cells undergoing MUGs satisfy the SAC independently of
bi-orientation mainly by establishing merotelic attachments
(O’Connell et al., 2008). Due to opposite spindle forces, merotelic
attachments might cause kinetochore deformation that gener-
ates sufficient intra-kinetochore stretch that would satisfy the
SAC (Maresca and Salmon, 2009; Uchida et al., 2009). Impor-
tantly, the contribution of PEFs for SAC satisfaction could not
be investigated in this system because kinetochores detach
from chromatin, which remains decondensed during MUGs
(Brinkley et al., 1988; O’Connell et al., 2009). Although we cannot
exclude that, in addition to PEFs, some merotelic attachments
contribute to SAC silencing in SMUGs, these attachments were
rare, as indicated by our live-cell recordings and careful inspec-
tion of the respective z stacks (Figures 1A and S1A; Movie S1)
(see also Mirkovic et al., this issue).
To test whether PEFs are required to satisfy the SAC in
SMUGs, independently of chromosome bi-orientation and the
establishment of merotelic attachments, we investigated the
duration of mitosis in Nod-depleted cells with a monopolar spin-
dle configuration (inwhichonlymonotelic attachments canbees-
tablished), after co-depletion of the Kinesin-5 protein Klp61F by
RNAi (Cane et al., 2013) (Figure 4A; Movie S5). We found that
SMUGs with monopolar spindles were also able to exit mitosis
after a delay (t = 178 ± 59min,mean ±SD, n = 9; Figure 4A;Movie
S5), which was exacerbated after Nod co-depletion (t = 379 min
± 132min, mean ± SD, n = 4, p = 0.011, Mann-Whitney rank-sum
test; Figure 4A;Movie S5). Closer inspection of z stacks from live-
cell images of monopolar spindles in SMUGs revealed a clear
transition from lateral to end-on kinetochore-microtubule attach-
ments prior to mitotic exit, and the presence of Nod-mediated
PEFs promoted this transition (Figures 4B and 4C; Movie S5).
Immunofluorescence analysis with a Mad1 antibody confirmed
that the percentage of unattached kinetochores in SMUGs with
monopolar spindles (35%) increased after Nod depletion (62%,
p = 0.028, t test; Figure 4D). Overall, these data demonstrate
that Chromokinesin-mediated PEFs promote the conversion
from lateral to stable end-on kinetochore-microtubule attach-
ments, independently of bi-orientation and merotely.
DISCUSSION
Chromosome bi-orientation is a critical requirement for accu-
rate chromosome segregation during mitosis and requires that
both kinetochores are stably attached to spindle microtubules.ell Reports 13, 460–468, October 20, 2015 ª2015 The Authors 463
Figure 2. Single Chromatids in SMUGs Experience Intra-kinetochore Stretch after a Mitotic Delay
(A) Fixed control cells stably expressing Cid-mCherry/Ndc80-GFP were treated with colchicine or MG132 (2 hr) and compared with Dup-depleted cells treated
with MG132 (2 hr).
(B) Immunofluorescence analysis of Aurora-B phosphorylation of the outer kinetochore protein KNL1 in SMUGs and control cells in the same conditions as in (A).
(C) Quantification of pKNL1 and intra-kinetochore stretch (shift) by measuring absolute distance between red (Cid) and green (Ndc80) centroids in control cells
versus SMUGs.
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Figure 3. PEFs Are Involved in SAC Satis-
faction Independently of Chromosome Bi-
orientation
(A and B) Live-cell imaging of Drosophila S2 cells
stably expressing H2B-GFP and mCherry-
a-tubulin. The panels illustrate control, Nod-
depleted, Dup-depleted, as well as Nod and Dup
co-depleted situations, as indicated.
(C) Live-cell imaging of Nod-mCherry-over-
expressing cells with and without Dup depletion.
(D) Mitotic duration of control (n = 11 cells), Nod-
depleted (n = 26 cells), Nod/Klp3A-depleted (n = 20
cells), Nod-overexpressing (OX) (n = 22 cells), Dup-
depleted (n = 10), Nod/Dup-depleted (n = 25), Nod/
Klp3A/Dup-depleted (n = 8), and Nod OX SMUGs
(n = 12). *p < 0.05, **p < 0.01, ***p < 0.001.
Time = hr:min. Scale bar, 5 mm. Error bars, SD. See
also Figure S3.Tension from spindle forces has long been known to stabilize cor-
rect kinetochore-microtubule attachments (King and Nicklas,
2000), but how the first end-on attachments are stabilized before
the development of tension has remained unknown. Here, we
found that PEFs promote the conversion from lateral to stable
end-on kinetochore-microtubule attachments on mono-orientedCell Reports 13, 460–468chromosomes. Lateral attachments to
spindle microtubules are insensitive to
Aurora B activity (Kalantzaki et al., 2015)
and are initially mediated by kinetochore
Dynein, which is dominant over PEFs at
the spindle poles (Barisic et al., 2014)
and inhibits the action of the Ndc80
complex required for stable end-on at-
tachments (Cheerambathur et al., 2013).
Despite not being dominant at this stage,
PEFs promote the exclusion of chromo-
somes from the central area of the mitotic
spindle (Magidson et al., 2011), but chro-
mosomes remain tethered to the microtu-
bule walls by CENP-E/Kinesin-7 (Shrestha
and Draviam, 2013), which slides chromo-
somes preferentially along detyrosinated
microtubules toward the spindle equator
(Barisic et al., 2015). At the equator PEFs
become critical to stabilize end-on kineto-
chore-microtubule attachments required
for chromosome bi-orientation (Barisic
et al., 2014; Magidson et al., 2011;
Wandke et al., 2012). In this context, our
data can be best explained by a model
in which the lateral to end-on conversion
of kinetochore-microtubule attachments
near the equator requires the contribution
of Chromokinesin-mediated PEFs acting
on the arms of mono-oriented chromo-
somes to counteract microtubule depoly-
merization-driven poleward motion. This
might generate sufficient intra-kinetochorestretch or structural deformation (Maresca and Salmon, 2009;
Uchida et al., 2009) that leads to the stabilization of end-on kinet-
ochore-microtubule attachments. Cdk1 downregulation due to
cyclin A and B1 degradation might generate positive feedback
loops that, in coordination with PEFs, further stabilize kineto-
chore-microtubule attachments (Collin et al., 2013; Kabeche, October 20, 2015 ª2015 The Authors 465
Figure 4. PEFs Promote the Conversion from Lateral to End-on Kinetochore-Microtubule Attachments on Mono-oriented Chromosomes
(A) Live-cell imaging of Klp61F/Dup and Klp61F/Dup/Nod-depleted S2 cells stably expressing GFP-a-tubulin and Cid-mCherry.
(B) Respective higher magnifications of lateral and end-on attachments from (A).
(C) Quantification of the different kinetochore-microtubule attachments (through z stacks) in Klp61F/Dup/Nod RNAi and Klp61F/Dup RNAi cells. The difference in
the percentage of end-on attachments between Klp61F/Dup RNAi (n = 7 cells) and Klp61F/Dup/Nod RNAi cells (n = 5 cells) at 80 min and 120 min after NEB are
statistically significant (Z-test compare proportions, p < 0.05).
(D) Immunofluorescence of Klp61F/Dup and Klp61F/Dup/Nod-depleted S2 cells. Nod depletion in monopolar SMUGs lead to increased number of Mad1 positive
kinetochores. Time = hr:min. Scale bar, 5 mm.
Scale bar in higher magnification panels, 2 mm. *p < 0.05 relative to the previous time point, t test. Error bars, SD.and Compton, 2013; Mirkovic et al., 2015). While this eventually
leads to SAC satisfaction after a significant mitotic delay in
SMUGs, we propose that during normal mitosis this mechanism466 Cell Reports 13, 460–468, October 20, 2015 ª2015 The Authorscontributes to the stabilization of initial end-on kinetochore-
microtubule attachments, before tension from opposing spindle
forces is established during bi-orientation.
EXPERIMENTAL PROCEDURES
Quantification of Kinetochore-Microtubule Attachments
In order to distinguish the different types of kinetochore-microtubule attach-
ments in SMUGs, we performed live-cell imaging in Drosophila S2 cells stably
expressing GFP-a-tubulin/Cid-mCherry. Images were analyzed using FIJI
(ImageJ) software through z stacks (0.5 mm). Kinetochore-microtubule attach-
ments were quantified after tracing microtubule positioning in relation to the
Cid signal (kinetochores). When microtubules passed by the Cid signal the
attachment was considered as lateral. When microtubules ended at the kinet-
ochore they were considered as end-on attachments. Since in SMUGs chro-
mosomes do not align in the spindle equator, merotelic attachments were
rarely observed and were distinguished as having long K-fibers coming from
opposite poles that ended on the same kinetochore.
Measurement of Intra-kinetochore Stretch/Deformation
Drosophila S2 cells stably expressing Cid-mCherry/Ndc80-GFP (Maresca and
Salmon, 2009) were used for intra-kinetochore stretch measurements in fixed
(4% paraformaldehyde) material and for live-cell imaging (intra-kinetochore
stretch measurements over time). Sub-pixel determination of fluorescent
spot localization was performed using a home-written MATLAB script (Math-
Works). A sequential refinement of the spot position starts with manual
(mouse) selection of the kinetochore ensemble to be measured. A neighbor-
hood region of interest (ROI) (11 3 11 pixels) is defined around each selected
point, the boundary of which is used to estimate average background signal
per pixel. This background value is subtracted, and the centroid is then calcu-
lated to allow recentering of the ROI. This first part of the script is meant as
a coarse correction of the mouse-defined points. Before fitting a circular
two-dimensional Gaussian function to each ROI intensity map, an empirical
parameter of 1/2 was chosen as the fraction of (highest gray value) ROI pixels
to be fed into the fitting procedure thus avoiding the bias induced by residual
fluorescence of adjacent structures (e.g., defocused adjacent kinetochores).
Fitting is performed using the least-squares fitting routine lsqcurvefit.
Statistical Analysis
Statistical analyses were performed using SigmaStat. Additional procedures
are available in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.08.008.
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